To determine the requirements for gene expression in mammalian germ cells, circular double-stranded simian virus 40 (SV40) DNA molecules containing deletions in sequences controlling transcription and replication were injected into the nucleus of mouse oocytes. Expression of large (T-Ag) and small (t-Ag) tumor antigens ("early gene products") required at least three GGGCGG boxes, but did not require either the origin of viral DNA replication (or/) or a TATA box. Expression of capsid antigen VP1 ("late gene products") required at least three GGGCGG boxes, sequences between nucleotides 197 and 273 in the 72-bp repeat region, and transactivation by T-Ag. These results are consistent with the requirements for expression of the same genes in differentiated mammalian cells. Surprisingly, however, the 72-bp repeats ("enhancer elements") that are required for expression of T-Ag and t-Ag genes in differentiated cells were not required in mouse oocytes. Similarly, expression of both the early and late genes was unaffected in mouse oocytes by the absence of either DNA replication or an intact ori sequence, components required for maximum expression of late genes in differentiated cells. Thus, mammalian oocytes effectively utilize promoters that are fully active in mammalian differentiated cells only when associated with either enhancer elements or DNA replication. Furthermore, requirements for expression of SV40 genes in mouse oocytes are distinctly different from those reported for Xenopus oocytes. This suggests that caution should be exercised when extrapolating conclusions drawn from experiments with amphibian germ cells to mammalian germ cells.
cleavages before zygotic genes are expressed, whereas fertilized mouse eggs undergo only one cleavage before initiating zygotic gene transcription (Slack 1983) . The size of the store of maternally inherited materials may account for the fact that DNA injected into Xenopus eggs replicates without any sequence requirements, whereas DNA injected into fertilized mouse eggs has sequence requirements similar to those found in mouse differentiated cells (Wirak et al. 1985) . Thus, it is not clear whether genes expressed in selected mammalian differentiated cells are also expressed in mammalian oocytes, and, if so, whether expression depends on the same regulatory elements. We investigated this question using SV40 genes and mouse oocytes.
SV40 genes are normally expressed in mammalian cells and temporally regulated by both cis-acting and trans-acting elements in a species-specific manner. SV40 replicates in nuclei of permissive monkey and human cells, where cellular components transcribe and translate large and small tumor antigens (T-Ag and t-Ag, respectively) soon after infection ("early gene expression"). T-Ag then induces synthesis of cellular proteins required for DNA replication and chromatin assembly, initates replication of viral DNA, and participates in activation of the late gene promoter (DePamphilis and Bradley 1986) . Early gene expression also occurs in SV40-infected or transformed mouse fibroblasts, but mouse differentiated cells are nonpermissive for viral DNA replication and late gene expression. SV40 DNA replication is not detected in mouse fibroblasts (Chia and Rigby 1981) , and SV40 late gene expression is only 1-5% of the amount of early gene expression (Parker and Stark 1979; Ernoult-Lange and May 1983) . Synthesis of the major capsid protein VP-1 (V-Ag)can be detected in mouse fibroblasts, but it requires about 1000-fold more viral DNA per nucleus than required to observe T-Ag synthesis (Graessman et al. 1976) .
In contrast to mouse differentiated cells, both early and late genes are expressed concurrently and in equivalent amounts when SV40 DNA is injected into the germinal vesicle of a single mouse oocyte that is maintained in a transcriptionally and translationally active state (Chalifour et al. 1986 ). The level of SV40 protein synthesis in a single oocyte is about the same as in 1000 virus-infected CV-1 cells. Neither SV40 nor polyoma virus DNA replicates when injected into the germinal vesicle of mouse oocytes, cells that are arrested in the first meiotic prophase (Chalifour et al. 1986 ). Thus, the response of the SV40 late gene promoter appeared strikingly different from that observed in either mouse or monkey differentiated cells. Moreover, both early and late SV40 genes are rapidly expressed in Xenopus oo o cytes where expression of SV40 late genes does not require T-Ag (Miller and Mertz 1982; Michaeli and Prives 1985) . These results suggest that control of gene expression in germ cells is significantly different than in somatic cells. Therefore, a variety of deletion mutants in the SV40 noncoding region (nucleotides 5171-304)that removed cis-acting transcriptional regulatory elements involved in early and/or late gene expression were tested for their ability to produce T-Ag, t-Ag, and V-Ag fob lowing injection into the nucleus of mouse oocytes. Our results revealed that the requirements for expression of these genes in mouse oocytes are similar to those observed following SV40 DNA replication in a lytic infection of permissive monkey cells, but distinctly different from expression in Xenopus oocytes.
Results

Experimental approach
Previous studies with wild-type SV40 DNA demonstrated that T-Ag, t-Ag, and V-Ag were synthesized at equivalent rates in mouse oocytes and that the nascent proteins were stable (Chalifour et al. 1986 ). Therefore, a series of overlapping deletions in the SV40 early and late gene control region (nucleotides 5171-304; Fig.l) were examined for their ability to express T-Ag, t-Ag, and V-Ag in mouse oocytes. These deletions were all contained in an otherwise complete SV40 genome that had been opened at the BamHI site and cloned into pMK16 so that nonviable deletions could be propagated in E. coll. Plasmid DNA was purified, and the SV40 genome was excised, recircularized by the action of DNA ligase, and then injected into the germinal vesicle of mouse oocytes as previously described (Chalifour et al. 1986 ). From 17,000 to 85,000 DNA molecules were injected into each oocyte. On a volume basis, this was equivalent to injecting a single differentiated cell with 80-400 DNA copies. Injected oocytes were cultured for 12-16 hr in the presence of dibutyl cAMP to prevent meiotic maturation and [3SS]methionine to radiolabel nascent viral proteins. Viral antigens were then immunoprecipitated with anti-T and anti-V sera, solubilized in sodium dodecylsulfate (SDS), and fractionated by electrophoresis in SDS-polyacrylamide gels (Chalifour et al. 1986 ). The electrophoretic mobility of nascent antigens synthesized in mouse oocytes was indistinguishable from the mobility of those synthesized after SV40 infection of CV-1 cells, and uninjected oocytes and mock-infected CV-1 cells did not produce immunoprecipitable 3sS-labeled proteins that comigrated with any viral antigen. Wildtype SV40 genome (JYM)was excised from plasmid pJYM (Lusky and Botchan 1981) and used as a standard of comparison in each experiment. Each experiment was repeated several times, and data were quantitated and standardized relative to T-Ag expression from JYM as described in Table 1 .
cis-actmg sequences required for SV40 early and late gene expression in mouse oocytes: ori and TATA box
In mammalian differentiated cells, the early gene promoter includes a nonessential TATA box located within the ori core (Benoist and Chambon 1981) . The late promoter has no recognizable TATA sequence which may explain the large number of heterogeneous start sites for late mRNA. Although ori is not required for early gene expression Berg 1982, 1983a; Wasylyk et al. 1983) , some studies indicate that ori is required for late gene expression (Contreras et al. 1982; Hartzell et Start sites for early-early (E-E), late-early (L-E) and late (L) mRNAs are indicated. Nucleotide numbering system is that of Buchman et al. (1981 Buchman et al. ( ). 1984a Brady and Khoury 1985) , whereas other studies indicate only a minor involvement (Brady et al. 1984a; Emoult-Lange et al. 1984; Keller and Alwine 1984, 1985) . Since ori contains T-Ag DNA binding site 2 ( Fig.  1) , ori may be required as a binding site for T-Ag rather than to initiate DNA replication. T-Ag mutants that no longer bind specifically to ori are also unable to activate late genes (Brady et al. 1984b; Keller and Alwine 1984) . Activation of late genes requires T-Ag binding site 2 and one of the 72-bp repeats (Brady and Khoury 1985; Hart ° zell et al. 1984a, b) , although some studies have found T-Ag activation dependent only upon seqences in the junction between the 72-bp repeats (Keller and Alwine 1985; Ernoult-Lange et al. 1987 ).
To determine whether or not mouse oocytes require ori or a TATA box for SV40 gene expression, ori-mutants were injected into the germinal vesicle. Mutant A6-1 carries a 6-bp deletion in the ori core sequence of SV40 (Fig.l) that renders it incapable of replicating in permissive monkey cells, but does not affect its ability to bind T-Ag (Gluzman 1981; Buchman et al. 1984) . Deletion X39 is missing nucleotides 34-5237, which encompass most of ori core, T-Ag DNA binding site 2, and the TATA box (Fromm and Berg 1982) . Both of these mutants not only produced levels of T-Ag and t-Ag equivalent to wild-type SV40, but produced 20-30% more V-Ag than did wild-type DNA ( Fig. 2 ; Table 1 ). The ratio of V-Ag to T-Ag in oocytes injected with SV40 DNA, CV-1 cells transfected with SV40 DNA, and CV-1 cells infected with SV40 virus was always 3 : 1 to 4 : 1 ( Fig. 5 ; Table 1 ). Reducing the amount of DNA injected by 10-fold (1700 copies per oocyte)reduced protein synthesis threefold, but the ratio of T-Ag to V-Ag remained the same (Chalifour et al. 1986 ). Thus, neither a functional ori nor a TATA box is required for expression of early and late SV40 genes in mouse oocytes, and T-Ag DNA binding site 2 is not necessary for V-Ag expression.
GGGCGG boxes
The early gene promoter in differentiated cells includes a series of six GGGCGG boxes that make up three 21-bp direct repeats. At least one GGGCGG box is needed for efficient transcription of the early region in vivo (Benoist and Chambon 1981; Fromm and Berg 1982; Everett et al. 1983; Baty et al. 1984; Barrera-Saldana et al. 1986 ) and in vitro (Hansen and Sharp 1983; Vigneron et al. 1984; Gidoni et al. 1985; Barrera-Saldana et al. 1986) . GGGCGG boxes, which are active in either orientation (Everett et al. 1983; Vigneron et al. 1984) , maximize transcription of late genes both in vivo (Fromm and Berg 1982; Hart° zell et al. 1984a, b) and in vitro (Hansen and Sharp 1983; Brady et al. 1984a; Rio and Tjian 1984; Vigneron et al. 1984; Gidoni et al. 1985) . In the absence of the 72-bp repeats, GGGCGG boxes 4-6 have the greatest effect on late promoter activity in vitro, whereas boxes 1-3 have the greatest effect on early promoter activity in vitro (Gidoni et al. 1985) . However, GGGCGG boxes 4-6 are not necessary in vivo if the 72-bp repeats are present (Fromm and Berg 1983a; Hartzell et al. 1984a; Omilli et al. 1986 ).
Deletions XS7, XS14, XS15, and XS16 progressively removed the GGGCGG boxes from SV40 DNA (Fig. 1 ). Mutant XS7, in which GGGCGG boxes 4-6 were deleted, expressed T-Ag, t-Ag, and V-Ag at levels comparable to those produced by JYM in the same experiment ( Fig. 3 ; Table 1 ). However, deletion of GGGCGG boxes 3-6 in XS14 resulted in a fourfold decrease in the synthesis of T-Ag and t-Ag, and a sevenfold decrease in the synthesis of V-Ag. Deletion mutant XS 15 retained only part of GGGCGG box 1, and XS16 was missing all six GGGCGG boxes but retained the TATA sequence. Synthesis of both early and late viral proteins in XS 15-and XS16-injected oocytes was reduced more than 20-fold. Therefore, retention of GGGCGG boxes 1, 2, and 3 was sufficient for maximum expression of early or late genes; two boxes gave partial early gene expression, and one box was insufficient for expression of either early or late genes.
SV40 gene expression in mouse oocytes
72-bp repeats (enhancer elements)
Transcription from the SV40 promoter is stimulated in differentiated cells approximately 100-fold by the presence of at least three enhancer elements, contained within the 72-bp repeat region, that impart a broad hostrange specificity (Herr and Clarke 1986; Zenke et al. 1986; Wildeman et al. 1986; Schirm et al. 1987) . A single 72-bp repeat is essential for expression of T-Ag in vivo Berg 1982, 1983a) . trans-activation of late gene expression by T-Ag also requires sequences in the 72-bp repeats (Hartzell et al. 1984a, b; Brady and Khoury 1985; Keller and Alwine 1985; Ernoult-Lange et al. 1987) . Therefore, the importance of these sequences in expressing SV40 genes in mouse oocytes was examined.
Deletions in mutants XSll, XS13, and $232 ( Fig. 1 ) progressively removed the 72-bp repeats that function as enhancer elements (Fig. 1) . XSll is missing the first 72-bp repeat and part of the second. XS 13 is missing both 72-bp repeats, and $232 has deleted both 72-bp repeats, as well as all of the major late mRNA initiation sites. Function deleted in each mutant DNA is indicated in Fig. 1 . JYM is a wild-type SV40 carried in the plasmid pJYM. The relative amount of each 35S-labeled antigen was determined by densitometry, using at least two different fluorograms exposed for varying periods of time to ensure that each band was clearly resolved and that the intensity of each band was proportional to its [3sS]methionine content. These data were then divided by the number of methionine residues per antigen {22/T-Ag, 9/t-Ag, and 7/V-Ag). In each experiment, one group of oocytes was injected with JYM, and the total amount of gene expression by IYM was defined as 100%. Cold Spring Harbor Laboratory Press on October 24, 2017 -Published by genesdev.cshlp.org Downloaded from Figure 2 . T-Ag and V-Ag expression in the absence of a functional origin of replication. SV40 DNA from plasmids pA6-1, pX39, and pJYM was cut, religated to generate topologically relaxed, circular SV40 DNA, and then injected into mouse oocytes as described in Materials and methods. Survivors were metabolically labeled overnight in [3sS]-methionine (1 mCi/ ml)-containing media. After labeling, 30 injected oocytes were lysed and then treated with anti-T and anti-V sera to immunoprecipitate T-Ag, t-Ag, and V-Ag.
[3sS]-Proteins in the immunoprecipitates were separated by electrophoresis in an SDS-polyacrylamide gel, and the gel was processed for fluorography. Mock-infected or SV40-infected CV-1 cells served as controls. Lanes: (a)uninjected oocytes; (b) a6-1; (c)X39; (d)wild-type SV40 DNA (JYM); (e)mock-infected CV-1; (f) SV40-infected CV-1. The positions of T-, t,-and V-Ag are indicated by arrows. This experiment was repeated four times.
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Sl13 is missing only the distal portion of one of the 72-bp repeats and several late mRNA initiation sites. All of these mutants produced as much or more T-Ag and t-Ag as wild-type SV40 ( Fig. 4 ; Table 1 ), demonstrating that activation of the early gene promoter does not require an enhancer element. Removal of the first 72-bp repeat (XS11) had no effect on V-Ag expression, but removal of both 72-bp repeats (XS13)reduced the fraction of V-Ag synthesis about sevenfold ( Fig. 4; table 1 ). Extending this deletion further to remove one (S 113) or all major late mRNA start sites ($232), slightly stimulated T-Ag and t-Ag expression, although V-Ag expression remained sixfold lower than that observed with JYM. Therefore, nucleotides 197-273 were required for maximal expression of late genes in oocytes, although not to the extent to which the GGGCGG boxes were required.
Basal level of gene expression
Some T-, t-, and V-Ag were detected in the preceding experiments, regardless of the deletion examined. To determine the level observed in the absence of any regulatory seqeunce (i.e., the basal level of gene expression), mutant XS6 was examined, in which all GGGCGG boxes and both 72-bp repeats were deleted (Fig. 1) . XS6 produced 10-fold less T-Ag and sixfold less V-Ag than JYM ( Fig.4 ; Table 1 ). Thus, since none of the deletions between 5236 and 346 ( Fig. 1 ) eliminated all of the major early or late mRNA initiation sites, mouse oocytes appeared capable of initiating mRNA synthesis on injected DNA, albeit at a low level, even in the absence of recognized regulatory sequences. To determine whether or not a correct mRNA was necessary for gene expression in oocytes, nucleotides 364-833 were deleted (ALL, Fig.  1 ). This sequence encompassed the leader and 5'-splice site for late mRNA, but left major late mRNA start sites
intact, and it was absolutely required for synthesis of V-Ag in oocytes. As expected, deletion of the late mRNA leader sequence had no effect on synthesis of early gene products ( Fig. 4 ; Table 1 DNA (JYM, lane f)were injected into mouse oocytes and processed as described in Fig.2 . Lane a contains uninjected oocytes. This experiment was repeated four times. g and i) and wt800 SV40 DNA (lane j)were injected into oocytes and processed as described in Fig. 2 . Lane a contains uninjected oocytes. This experiment was repeated four times.
Brady and Khoury 1985; Shaw et al. 1985) , whereas expression of these genes in Xenopus oocytes is independent of T-Ag (Miller et al. 1982; Michaeli and Prives 1985) . Therefore, to determine whether or not T-Ag was required to activate the late gene promoter in mouse oocytes, two plasmids were constructed that could express V-Ag but not T-Ag. In plasmid pSVAT, 1018 bp of the central portion of the T-Ag structural gene was deleted. SV40 seqeunces were excised from pSVAT and recircularized (SVAT) before testing for expression of T-Ag and V-Ag. This T-Ag minus SV40 genome synthesized V-Ag when transfected onto COS-7 cells (Fig. 5) , a CV-l-derived cell line that synthesized T-Ag from an integrated SV40 ori-defective genome. Neither T-Ag nor V-Ag were synthesized after transfection of CV-1 cells. In contrast, CV-1 and COS-7 cells transfected with JYM DNA or infected with wild-type SV40 synthesized both T-Ag and V-Ag. Similar results were obtained by transfecting cells with plamid pSV2770, which consisted of the entire wild-type SV40 sequences interrupted at the carboxyterminal portion of the SV40 T-Ag structural gene, at nucleotide 2770, by the vector pML-1 (data not shown). Thus, as previously reported, V-Ag was not synthesized in permissive monkey cells in the absence of a functional T-Ag gene. SVAT or pSV2770 injected into the germinal vesicle of a mouse oocyte produced neither T-Ag nor V-Ag ( Fig. 6 ; Table 1 ). Injection of plasmid pJYM alone produced T-Ag but not V-Ag, because the SV40 VP-1 gene in pJYM is interrupted at nucleotide 2533 by pML-1 sequences (Lusky and Botchan 1981) . However, when SVAT or SV2770 was coinjected with pJYM, both T-Ag and V-Ag were synthesized (Fig. 6) . Therefore, T-Ag (encoded by pJYM) was required to activate late gene expression in nonpermissive mouse oocytes, as well as in permissive monkey cells.
trans-activation of the V-Ag gene by T-Ag in oocytes raised the question of whether or not the cis-acting se-
quences required for V-Ag expression were part of the late gene promoter or were required only for expression of T-Ag which then activated late genes. Therefore, XS6 was coinjected with pJYM in a 1 : 1 ratio to determine whether synthesis of T-Ag from pJYM would induce synthesis of V-Ag from XS6. V-Ag was not expressed ( Fig. 6 ; Table 1), even though the level of T-Ag expression was equal to that produced by X39, where V-Ag expression was consistently high ( Fig. 6; Table 1 ). Similarly, providing T-Ag in trans neither compensated for loss of the four to six GGGCGG boxes deleted in mutants XS14 and XS15, nor did it stimulate further synthesis of V-Ag in mutant XS7, in which only three GGGCGG boxes were missing (Table 1) . Therefore, all of the cis-acting sequences that were identified above as important or late gene expression in mouse oocytes functioned as part of the late gene promoter.
Discussion
DNA sequence requirements for expression of SV40 early and late genes (Fig. 1) have been well studied both in vivo and in vitro using differentiated cells from permissive (monkey and human) and nonpermissive (mouse) mammals. These and other studies have revealed at least four major cis-acting sequence elements and one trans-acting gene product that are important for control of gene expression in mammalian somatic cells: GGGCGG boxes, enhancers, origins of DNA replication, TATA boxes, and virally encoded tumor antigen. The object of this study was to determine which of these elements was also required to regulate gene expression in mammalian germ cells. To this end, we injected various SV40 DNA sequences (Fig. 1) into the germinal vesicle of mouse oocytes and measured expression of early (T-Ag, t-Ag) and late (V-Ag) gene products. Our results are summarized in Table 2 and compared with data from analogous experiments carried out with differentiated mammalian cells and Xenopus laevis oocytes. Five important conclusions concerning regulation of gene expression in mammalian cells can be drawn from our observations, and these conclusions bear on the relationship between mammalian and amphibian oocytes as systems for study of gene expression and DNA replication. First, the promoter for SV40 early and late gene expression in mouse oocytes includes the same GGGCGG boxes required in mammalian differentiated cells. In vitro, GGGCGG boxes interact with cellular proteins Spl (Dynan and Tjian 1985) and LSF (Kim et al. 1987) , which stimulate both early and late gene transcription. Spl has been shown to act on a variety of cellular and viral gene promoters (McKnight and Tjian 1986) . Deletion of GGCGG boxes 4, 5, and 6 did not impair T-Ag expression in mouse oocytes although it did reduce V-Ag synthesis slightly (mutant XS7, table 1), but further deletion of GGGCGG boxes reduced both T-Ag and V-Ag expression from 4-to 20-fold (mutants XS14, XS15, and XS 16, Table 1 ). The effect on V-Ag synthesis did not result indirectly from loss of T-Ag synthesis (T-Ag is required for trans-activation of the late gene promoter), because additional T-Ag provided by coinjection of pJYM was unable to stimulate V-Ag expression in the absence of GGGCGG boxes (Table 1) . Thus, Spl and LSF appear to be present in mammalian germ cells, as well as differentiated cells.
Deletions that bring the GGGCGG boxes to within 115 or 50 bp of the major late mRNA start sites increase late gene transcription 2-to 10-fold in differentiated cells (Hansen and Sharp 1983; Rio and Tjian 1984; Vigneron et al. 1984; Omilli et al. 1986 ). Therefore, V-Ag synthesis in mutants XS7, XSll, XS13, Sl13, and $232 may have been augmented by this phenomenon because these deletions (Fig. 1) decreased the distance between TATA and GGGCGG boxes and the late gene mRNA start sites. This may have been particularly evident in $232, which contains the largest deletion; yet V-Ag expression is reduced only twofold whereas V-Ag expression in XS13 and S113 was reduced four-to sixfold. Interestingly, the deletion in XS6 brought the early gene TATA box and surrogate TATA-like box of the late genes closer together. This may explain the slight increase in V-Ag synthesis relative to mutants XS14, XS15, and XS16 (Table 1) . Nandi et al. (1985) have shown that conversion of the late gene surrogate TATA box to a form that more closely resembles the early gene TATA box enhances late gene synthesis four-to eightfold. There was no correlation between deletion of major late RNA start sites and V-Ag synthesis.
Our second conclusion is that expression of SV40 early genes in mouse oocytes does not require a 72-bp repeat, in contrast to differentiated cells. Since the 72-bp repeat functions as an enhancer element in mouse cells as well as monkey and human cells (Capecchi et al. 1983) , it was surprising that deletions removing one or both of the 72-bp repeats XSll and XS13, respectively (Fig. 1) , did not reduce T-Ag expression in mouse oocytes; in fact, T-Ag expression was somewhat increased (Table 1) . This was further substantiated using plasmids in which E. coli chloramphenicol transacetylase (CAT) gene is coupled to the herpes simplex virus thymidine kinase promoter. The level of CAT expression was not affected by the presence or absence of polyoma virus enhancer elements (DePamphilis et al. 1987; unpubl, data) . The 72-bp repeats are important primarily for initiation of mRNA synthesis at early-early (E-E)-mRNA start sites (Fig. 1) and are not required for initiation at late-early (L-E)-mRNA start sites used following the onset of viral DNA replication (Buchman et al. 1984) . In this respect, expression of T-Ag in mouse oocytes resembles T-Ag ex ° pression late during infection of permissive cells when late genes are also expressed. We have previously shown that one oocyte produces as much SV40 gene products as about 1000 virus-infected permissive monkey cells (Chalifour et al. 1986 ). Thus, mouse oocytes may have such high concentrations of RNA polymerase II initiation factors that an enhancer function is no longer required to achieve the highest rate of promoter activity. Third, DNA replication is not required to achieve a level of late gene expression equivalent to or greater than that of early gene expression. Late gene expression was, on average, three to four times greater than early gene expression in mouse oocytes (Table 1 ; Chalifour et al. 1986 ). However, neither polyoma nor SV40 DNA replicates when injected into the germinal vesicle of mouse oocytes, and oocytes themselves are not engaged in DNA replication because they are arrested in diplotene of the first meiotic prophase (Wirak et al. 1985; Chalifour et al. 1986 ). Furthermore, expression of SV40 early and late genes in mouse oocytes was unaffected by deletion of ori sequences that included T-Ag binding site 2 (mutants A6-1 and X39, Table 1 ). Microinjection of SV40 DNA into differentiated cells in culture revealed that DNA replication was required for high expression of V-Ag in permissive monkey cells regardless of the amount of viral DNA injected (Graessman et al. 1977) , but that high concentrations of SV40 DNA (2000-4000 copies per cell) injected into nonpermissive mouse 3T3 cells resulted in V-Ag synthesis (Graessman et al. 1976 ). We routinely injected 17,000-85,000 copies of DNA per oocyte, which was equivalent to 80-400 DNA molecules injected into differentiated cells in culture. Thus, it appears that mouse oocytes express a cellular factor that allows efficient expression of the late gene promoter in the absence of DNA replication. The concentration of this cellular factor must be reduced in mouse fibroblasts, and still lower in monkey fibroblasts.
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Fourth, T-Ag induces a permissive cell factor(s)in mouse oocytes that is required for SV40 late gene expression. Nucleotides 168-200 are involved in trans-activation of the SV40 late gene promoter by T-Ag during infection of permissive monkey cell cultures (Hartzell et al. 1984a, b; Brady and Khoury 1985; Keller and Alwine 1985) . T-Ag is also required for expression of late genes in mouse oocytes (Table 1) , and sequences between nu- (Table 1) . This sequence contains elements important for enhancer function (Herr and Clarke 1986; Wildeman et al 1986; Zenke et al. 1986; Schirm et al. 1987) , and the enhancer border has been extended to include these more upstream sequences (Firak and Subramanian 1986) . Although it is difficult to relate enhancer activity directly to late gene expression, in light of the inability of these sequences to enhance early gene expression, one or more enhancer elements may function in a novel way by interacting with either a T-Ag : cellular protein complex or a cellular protein whose synthesis is induced by T-Ag. trans-activation by T-Ag does not appear to involve binding of T-Ag directly to the enhancer sequence, because transactivation does not require either T-Ag DNA binding sites or a functional T-Ag at the time when gene expression is activated (Robbins et al. 1986 ). Similarly, expression of T-Ag in differentiated cells induces expression of cellular genes that do not contain T-Ag binding sites (Scott et al. 1983; Singh et al. 1985) , and T-Ag mutants that are deficient in binding DNA are still capable of immortalizing rodent cells (Cowie et al. 1986 ). Therefore, T-Ag does not have to bind directly to a gene to affect its synthesis. Two-dimensional gel electrophoresis of 3sS-labeled proteins synthesized in oocytes did not reveal differences between oocytes injected with SV40 DNA and noninjected oocytes (data not shown), suggesting that T-Ag did not alter protein synthesis in germ cells. However, since mouse oocytes express both T-Ag and V-Ag concurrently and at equivalent levels, the permissive cell protein required for late gene expression may already be present at high concentrations in oocytes where, together with T-Ag, it activates late gene expression. In contrast, T-Ag must induce synthesis of low concentrations of this protein in differentiated cell lines, thus explaining the delay in V°Ag synthesis and the re° quirement for gene amplification to achieve high levels of protein synthesis. Gorman et al. (1985) demonstrated a dose-dependent, enhancer-independent expression of T-Ag in undifferentiated embryonal carcinoma (EC)cells transfected with SV40 DNA. Differentiation of EC cells restored enhancer-dependent expression. The negative modulator postulated by Gorman et al. (1985) may be present in preimplantation mouse embryos, since neither SV40-specific mRNA nor immunoprecipitable T-Ag and V-Ag is detected (Chalifour et al. 1986 ).
Finally, regulation of gene expression in mammalian oocytes is distinctly different from that in amphibian oocytes (Table 2) . Xenopus laevis oocytes also express SV40 genes when SV40 DNA is injected into the germinal vesicle, and the late promoter is transcribed at least 10-fold more efficiently than the early promoter (Michaeli and Prives 1985; Green et al. 1987) . However, in contrast to mouse oocytes, late gene expression in Xenopus oocytes does not require either T-Ag (Michaeli and Prives 1985; Green et al. 1987) or GGGCGG boxes (Contreras et al. 1982; Green et al. 1987) , and early gene expression is stimulated 10-to 100-fold by the 72-bp re° peats (Spinelli and Ciliberto 1985) . SV40 late gene expression in Xenopus oocytes is similar to expression in mouse oocytes in that it does not require a TATA box and does respond to nucleotides 128-270, encompassing part of the 72-bp repeat region IGreen et al. 1987) . A requirement for ori has been observed in some experiments (Contreras et al. 1982) but not in others (Green et al) . Unlike the SV40 enhancer, the mouse immunoglobulin, human a~-antitrypsin, Moloney murine sarcoma virus, and human c-myc enhancers have no apparent effect on gene expression in Xenopus oocytes (Spinelli and Ciliberto 1985; Graves et al. 1985; Nishikura 1986 ). These data show that Xenopus oocytes utilize different sequences than do mouse oocytes or mammalian differentiated cells to initiate mRNA synthesis from SV40 early and late genes ( Table 2 ). It appears that the unusually high concentration of proteins synthesized and stored in Xenopus oocytes allows them simply to stimulate the basal level of gene activity observed in mouse oocytes. Thus, mechanisms that regulate gene expression in germ cells of one vertebrate are not necessarily observed in another.
Materials and methods
Plasmids X39, XSll, XS13, Sl13, $232, XS7, XS14, XS15, and XS16 were originally provided by P. Berg (Stanford). Plasmids pJYM and pML-1 were a gift from M. Botchan (University of California, Berkeley). Plasmid pA6-1 was a gift from Y. Gluzman (Cold Spring Harbor Laboratory). COS-7 and CV-1 cells were obtained from the American Type Culture Collection.
Construction of pSVAT, pSVALL, and pSV2770
To generate pSVAT, SV40 wild-type DNA was cut with Nde I, which cuts at nucleotides 3808 and 4826 in the early gene coding sequences. The large fragment was isolated, ligated to itself, then recut with BamHI, which cuts at nucleotide 2533 in the late coding sequence, and cloned into the BamHI site of pML-1 (Maniatis et al. 1982) . The absence of the Nde I small fragment 4826-3808 was confirmed by restriction enzyme analysis. To generate pSVALL,, SV40 wild-type DNA was cut with HhaI which cuts at nucleotide 343 and 833 in the late coding sequences. The large fragment was then cloned as described above into the BamHI site of pML-1. The absence of the HhaI small fragment was confirmed by restriction enzyme analysis. To generate pSV2770, SV40 wild-type DNA was cut with BclI, which cuts at nucleotide 2770 in the carboxyl-terminus of the early genes, then cloned into the BamHI site of pML-1.
Expression of SV40 genes in mouse oocytes
Isolation, injection, and culturing of mouse oocytes and immunoprecipitation of virally encoded antigens have been described previously (Wirak et al. 1985; Chalifour et al. 1986 ). Preparation of covalently closed, superhelical SV40 and plasmid DNA (Form 1)was carried out as described previously (Wirak et al. 1985) . Oocytes isolated from two to three animals were pooled and injected on the same day. Each lane on each gel contained lysate from the same number of oocytes. Acid-precipitable [3sS]methionine was assayed in each sample prior to im-munoprecipitation and did not vary significantly between samples.
Preparation of DNA for injection
To delete plasmid sequences from recombinant plasmids and to generate circular DNA in which the control sequences were in cis to early and late gene sequences, 25~g of plasmid DNA was cleaved with BamHI to remove the SV40 from vector sequences. The DNA mixture was religated in 12.5 ml of ligation buffer (Maniatis et al. 1982 )with 10~1 of T4 DNA ligase (New England Bio-Labs)for 12-16 hr at 15°C. The religated DNA was extracted with phenol/chloroform (1:1), then chloroform/ isoamyl alcohol (24 : 1), and dialyzed extensively against TEl10 mM Tris (pH 7.8), 1 mM EDTA]. DNA was concentrated with sec-butanol and passed through a 5-ml column of P-100 (BioRad) equilibrated with TEN20 (TE plus 20 mM NaC1). The purified DNA was precipitated with ethanol, then resuspended to 0.1-0.Smg DNA/ml in injection buffer. Agarose gel electrophoresis revealed that 75% of the DNA were circular monomers.
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